One sentence summary: Thioredoxin-dependent redox modification regulates plant regeneration 21 via modulation of ROS homeostasis. 
linkage disequilibrium analysis indicated that DCC1 was a major determinant of the natural 40 variation in shoot regeneration among Arabidopsis ecotypes. Thus, our study firstly uncovers a 41 novel regulatory mechanism that thioredoxin-dependent redox modification regulates de novo shoot Plant cells have the capacity to regenerate new shoots from highly differentiated tissues or organs 59 under suitable conditions, a process known as shoot regeneration (Birnbaum and Alvarado, 2008;  60 Duclercq et al., 2011) . Shoot regeneration normally includes two steps (Ikeuchi et al., 2016) . The 61 first step is callus formation, which is regulated by a number of transcription factors, such as 62 WUSCHEL RELATED HOMEOBOX5 (WOX5), WOX11 and WOX12 (Sugimoto et al., 2010; Liu 63 et al., 2014) , PLETHORA (PLT) (Kareem et al., 2015) , LATERAL ORGAN BOUNDARIES 64 DOMAIN (LBD) (Fan et al., 2010) , and WOUND INDUCED DEDIFFERENTIATION 1 (WIND1) 65 (Iwase et al., 2011) . The second step is shoot induction from the callus, which consists of several 66 critical events, such as the appropriate distribution of phytohormones, shoot meristem initiation and 67 organ formation (Cheng et al., 2013; Ikeuchi et al., 2016) . One of the most important events in the 68 second step is the induction of the organizing center regulator WUSCHEL (WUS), which is 69 controlled by the interaction between auxin and cytokinin (Gordon et al., 2007; Cheng et al., 2013) . 70 The correct distribution of auxin and cytokinin is essential for WUS induction during de novo shoot 71 regeneration (Cheng et al., 2013) . Importantly, two recent studies have shown that cytokinin 72 directly activates WUS expression by the B-type ARABIDOPSIS RESPONSE REGULATORS 73 (ARRs) (Meng et al., 2017; Zhang et al., 2017) . 74 Shoot regeneration is very valuable in genetic engineering and agricultural applications, but most 75 plant species cannot regenerate shoots from highly differentiated tissues or organs (Birnbaum and 76 Alvarado, 2008) . Even in the same species, the shoot regeneration capacity varies among different 77 genotypes (Motte et al., 2014) . However, the mechanisms underlying this natural variation in shoot 78 regeneration capacity remains unclear. Several studies have identified a few quantitative trait loci 79 related to natural variations in shoot regeneration (Schiantarelli et al., 2001; Lall et al., 2004;  80 Velázquez et al., 2004) . A recent study has shown that RECEPTOR-LIKE PROTEIN KINASE1 81 (RPK1) gene is involved in natural variation in shoot regeneration capacity (Motte et al., 2014) . 82 Further identification of the critical genes that control shoot regeneration and how they vary among Biological Resource Center (ABRC) were screened, but only SALK_051222C (AT5G50100) mutant 125 showed severe defects in shoot regeneration (Supplemental Table S1 ). This mutant contained a 126 T-DNA insert in the fourth intron of AT5G50100 (Supplemental Fig. S1A ). Reverse transcription 127 PCR (RT-PCR) analyses showed that the transcript level of this gene was decreased in this mutant 128 (Supplemental Fig. S1B ), suggesting that the T-DNA insertion leads to reduced levels of functional 129 transcripts. AT5G50100 encodes a protein in the thiol-disulfide oxidoreductase family, whose 130 members contain a conserved DxxCxxC motif in their N-terminus (Ginalski et al., 2004) . In Loss-of-function of DCC1 resulted in a decreased capacity for shoot regeneration, including the 134 low shoot regeneration frequency and the small number of shoots per callus (Fig. 1, A-C) .
135
Wild-type callus generated shoots on shoot-induction medium (SIM) at 16 days (Fig. 1, A and B) , 136 but the dcc1 mutant callus took 20 days to produce shoots (Fig. 1, A and B) . The shoot regeneration 137 frequency in wild-type Columbia-0 (Col-0) was 100% at 28 days on SIM, while that of dcc1 was 138 about 30% (Fig. 1, A and B) . The number of shoots per callus was significantly lower in dcc1 than 139 in wild type (Fig. 1, A and C) . Furthermore, the phenotypes of the frequencies of shoot regeneration 140 and the shoot number per callus caused by mutation of DCC1 were both rescued by the 141 transformation of the complementary construct ProDCC1:DCC1 into dcc1 mutant (Fig. 1, A-C) . 142 Thus, these results indicate that mutation of DCC1 leads to an inhibition of shoot regeneration.
143
Furthermore, we showed that DCC1 was mainly expressed in the inner region of the callus during 144 shoot regeneration by both in situ hybridization (Fig. 1D) Raphanus sativus (Fig. 2C) . The presence of two cysteine residues in DxxCxxC motif implied a 152 function for DCC1 in regulating thiol-disulfide exchange. Thus, we performed a Trx activity 153 detection assay using fluorescein isothiocyanate-labeled insulin (FiTC-insulin). FiTC-insulin is a 154 highly sensitive substrate for the measurements of Trx activity and displays higher fluorescence 155 after disulfide reduction (Montano et al., 2014) . The reduction assay was performed by incubation 156 with purified DCC1 protein and a high fluorescence intensity was achieved, whereas the control 157 without DCC1 protein showed a low level of insulin reduction (Fig. 2D ), confirming its activity as a 158 functional thioredoxin.
159
DCC1 contained a mitochondrial signal sequence, implying it might be localized in the 160 mitochondria ( Fig. 2A) . To test this hypothesis, we obtained a well-established marker line MT-GK 161 specially expressing GFP in mitochondria (Mito-GFP) (Nelson et al., 2007) . Then, the construct 162 35S:DCC1-RFP was introduced into the MT-GK lines. The roots of the T1 seedlings were used for 163 imaging by a laser confocal microscopy. The DCC1-RFP signal was co-localized with the 164 Mito-GFP signal of the control mitochondrion marker (Fig. 2E) Consortium, 2011) , which is a beta carbonic anhydrase (Soto et al., 2015) . CA2, together with other 172 four carbonic anhydrases (CA1, CA3, CAL1 and CAL2), constitutes a functional subunit of 173 mitochondrial respiratory complex I (Soto et al., 2015) . By a yeast two-hybrid assay, we found that 174 only the yeast co-transformed with DCC1-AD and CA2-BD constructs could survive on selection 175 medium (Fig. 3A) . In pull-down assays using the purified proteins of DCC1 and CA2, an obvious 176 lane of DCC1-His was observed (Fig. 3B) . To further confirm the interaction between DCC1 and 7 CA2 in vivo, we co-transformed the constructs DCC1-nLUC and CA2-cLUC into Nicotiana 178 benthamiana leaves, and observed high fluorescence intensity compared with that in the controls 179 ( Fig. 3C) . In DCC1-GFP immunoprecipitation assays of the F 1 generation of 35S:DCC1-GFP line 180 crossed with 35S:CA2-MYC line, we detected an obvious lane of the CA2-MYC protein (Fig. 3D) , 181 indicating an interaction between DCC1 and CA2.
182

Mutation of CA2 Causes the Decreased Shoot Regeneration Capacity
183
To determine the function of CA2 in shoot regeneration, we obtained the T-DNA insertion mutant 184 ca2 and analyzed its shoot regeneration capacity. The mutation of CA2 led to a significantly 185 decreased shoot regeneration capacity. During shoot regeneration, the shoots started to emerge at 16 186 days on SIM in wild type, whereas the mutant callus generated shoots at 20 days on SIM (Fig. 4A ).
187
The shoot regeneration frequency of wild type reached 100% at 28 days after transfer of calli onto 188 SIM, while that of ca2 was only about 40% (Fig. 4B ). The number of shoots per callus showed a 189 similar inhibition (Fig. 4C) . The frequencies of shoot regeneration and the shoot number per callus 
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CA2 is a key subunit of the mitochondrial respiratory complex I, and defect in CA2 leads to 208 decreased activity of complex I (Soto et al., 2015) . Thus, we detected the activity of respiratory 209 complex I in dcc1, ca2, and dcc1ca2 during shoot regeneration. Functional loss of DCC1 or CA2 210 caused a significantly decreased activity of the mitochondrial respiratory complex I (Fig. 5C ). The 211 complex I activity in the double mutant dcc1ca2 was not more affected than that in the single 212 mutants, indicating that both proteins are acting in the same pathway. Furthermore, the reduced 213 activity of Complex I in the dcc1ca2 double mutant was completely rescued by both additions of 214 DCC1 and CA2 proteins, but not for only addition of DCC1 or CA2 (Fig. 5D) . These results
215
suggest that DCC1 affects complex I activity via redox regulation of CA2 protein. Previous study 216 has shown that the impaired activity of respiratory complex I results in increased ROS levels (Soto 217 et al., 2015) . Thus, we hypothesize that the reduced mitochondrial respiratory complex I activity 218 triggers mitochondrial ROS production. To test this hypothesis, we performed DAB staining assays 219 to detect the ROS levels in callus (Xie et al., 2014) . During shoot regeneration, functional loss of 220 DCC1 or CA2 resulted in increased ROS levels in calli cultured on CIM and SIM, respectively (Fig. 221 6, A and B). The ROS level in the double mutant dcc1ca2 was consistent to that in either single 222 mutant (Fig. 6, A and B) .
223
ROS Levels Mediate Inhibition of Shoot Regeneration
224
Since the loss-of-function of DCC1 and CA2 resulted in increased ROS levels, we thought that 225 the inhibition of shoot regeneration in the dcc1 or ca2 mutant might be due to increased ROS levels.
226
To test this hypothesis, we treated explants of wild type with exogenous H 2 O 2 , a well-demonstrated 227 regent responsible for increasing ROS levels (Yu et al., 2016) , and found that shoot regeneration 228 was significantly inhibited in the treated explants (Fig. 7, A-C) . Moreover, higher levels of H 2 O 2 led 229 to lower shoot regeneration capacities (Fig. 7, A-C (Fig. 7B) . The number of shoots regenerated from wild-type calli was also decreased 9 for ROS removal , could rescue the phenotypes of dcc1 and ca2 by 238 decreased the ROS levels. The frequencies of shoot regeneration in the dcc1, ca2, and dcc1ca2 239 mutants were increased with gradually increasing concentrations of GSH (Supplemental Fig. S3A ).
240
The number of shoots per callus showed similar increases under GSH treatment (Supplemental Fig.   241 S3B). The dcc1, ca2, and dcc1ca2 mutants were completely rescued by GSH at 600 µM (Fig. 8,   242 A-C). Although the shoot regeneration promoted in the wild type by GSH, the shoot regeneration in 243 the mutants of dcc1, ca2 and dcc1ca2 by GSH was significantly increased compared with that in the 244 wild type ( shoot regeneration (Fig. 10E ). Auxin is a critical determinant in shoot regeneration, and the impaired auxin biosynthesis and signaling repress shoot regeneration (Gordon et al., 2007; Cheng et 298 al., 2013) . Moreover, the functional loss of DCC1 led to increased ROS levels (Fig. 6, A Arabidopsis. The shoot regeneration frequencies ranged from 5% to 100% (Supplemental Fig. S7A ).
307
The ecotypes Gu-0, Nc-1, Wa-1, and Kelsterbach-4 showed very low shoot regeneration frequencies 
315
We further performed linkage disequilibrium analyses using the nucleotide sequences of DCC1 in 316 48 different ecotypes, and found that six SNPs (SNP 108, 147, 174, 175, 378, and 481) were highly 317 associated with the shoot regeneration frequency ( Keleterbach-4, Hn-0, Su-0 (Fig. 11 , A-C). The shoot regeneration frequencies and the number of 321 shoots per callus were much higher in the Hap1 than in the Hap2 ecotypes (Fig. 11, D and E), 322 suggesting that this natural variation in DCC1 is related to the regulation of shoot regeneration.
323
Among the six SNPs, only two (SNP 175 and 481) resulted in the sense mutation (I59V and I161V) 324 for the corresponding amino acids (Fig. 11, B 
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determined by reduction of insulin (Fig. 2D) . CA2 is an essential subunit of Complex I (Soto et al., 357 2015), and was identified as a direct target of DCC1 (Fig. 5, A and B) . DCC1 regulated Complex I 358 activity by reduction of CA2 complex (Fig. 5, A-D) . Inhibition of Complex I activity caused by 359 mutation of DCC1 or CA2 triggered the increased ROS production (Fig. 6, A and B) , suggesting 360 that DCC1 regulates Complex I activity and ROS homeostasis by redox regulation of CA2.
361
Many studies show that ROS can act as signaling factors regulating diverse processes (Rouhier et 362 al., 2015; Schmidt and Schippers, 2015; Schippers et al., 2016 to a short root meristem (Tsukagoshi et al., 2010) . Elevated levels of ROS by the mutation of 368 KUODA1 (KUA1) led to the decreased leaf cell size . Here, we showed that 369 increasing level of ROS resulted in the inhibition of shoot regeneration (Fig. 6, A and B; Fig. 7,   370 A-C), whereas decreasing level of ROS level increased the capacity of shoot regeneration in the 371 mutants of dcc1, ca2, and dcc1ca2 (Fig. 8, A-C) . Thus, ROS homeostasis is critical for regulation 372 of shoot regeneration. 373 Different mechanisms have been proposed to mediate perception of ROS (Wrzaczek et al., 2013) . 374 An important mechanism is the one-component redox signaling system, which is based on 375 redox-sensitive transcription factors (Schmidt and Schippers, 2015 (Schmidt and Schippers, 2015) . 380 Our results indicated that the increased ROS levels resulted in repressed expression of master genes 381 for callus formation (WOX5, WOX11), and shoot meristem initiation (WUS, CLV3 and STM) (Fig. 9,   382 A and B). Moreover, auxin biosynthesis genes (YUC4, TAA1) were repressed by ROS (Fig. 10, C   383 and D). Previously, it was shown that auxin was critical for shoot induction, and mutation of auxin 384 biosynthetic genes YUCs repressed shoot regeneration (Gordon et al., 2007; Cheng et al., 2013 (Viola et al., 2013; Lucero et al., 2015; Challa et al., 2016) . Thus, it is likely that ROS regulates seed development, and drought resistance (Johanson et al., 2000; Li et al., 2011b; Wang et al., 2016) .
395
FRIGIDA (FRI) is a major determinant of the natural variation in Arabidopsis flowering time 396 (Johanson et al., 2000) . Natural variations in GS5 can explain variations in rice grain size and yield 397 (Li et al., 2011b) , and those in ZmVPP1 contribute to the drought tolerance trait in Zea mays (Wang 398 et al., 2016) . Here, we identified a major regulator DCC1 that explains the variation in shoot 399 regeneration capacity among natural variants of Arabidopsis (Fig. 11, A-E) . The polymorphisms of 400 DCC1 were used to classify the different ecotypes of Arabidopsis into two groups: Hap1 and Hap2 401 (Fig. 11B) . Interestingly, mutations at both two critical SNPs (SNP 175, SNP 481) did not affect the 402 Trx activity of DCC1 (Fig. 11G) , but blocked the interaction between DCC1 and CA2 (Fig. 11H) , 403 indicating that the two SNPs are critical for the function of DCC1, which is a major player in 404 determining shoot regeneration capacity among natural variations.
405
MATERIALS AND METHODS
406
Plant Materials
407
The mutants dcc1 (SALK_051222C), ca2 (SALK_010194C), MT-GK line (CS16263), and Science, National University of Singapore) (Xu et al., 2006) .
411
Shoot Regeneration
412
Shoot regeneration experiment was performed as described previously (Li et al., 2011a) . Seeds 413 were placed on germination medium after sterilization in 70% v/v ethanol for 5 min and 2.6% v/v 414 sodium hypochlorite for 10 min. All the seeds were stratified at 4°C for 3 days, and then grown for were used in the calculations and more than 100 calli were examined in each replicate.
426
Plasmid Construction
427
The oligonucleotide primers for all constructs are given in Supplemental 
GUS Staining Assay
457
We conducted GUS staining assays as described elsewhere (Sieburth and Meyerowitz, 1997; Su 458 et al., 2009). Briefly, calli were incubated in GUS assay buffer at 37°C for 10 h, and fixed in 70% X-α-gal.
507
Firefly Luciferase Complementation Assay
508
Firefly luciferase complementation assays were conducted as described previously (Li et al., 509 2014). The constructs DCC1-nLUC and CA2-cLUC were transformed into the leaf of N. 
Reduction of CA2 by DCC1
537
The reduction assay was performed as described previously with slight modifications (Yoshida et 538 al., 2015) . The GST tag of the recombinant DCC1-GST proteins was cleaved by a thrombin (Sigma; 539 catalog number T9326). Purified CA2-His protein (1μM) was incubated with GST-cleaved DCC1 540 protein in the assay mixture containing 50 mM Tris-HCl (pH 7.5), 50 mM NaCl. DTT (0.3 mM) 541 was added to recycle DCC1 Trx activity. The mixture without DCC1 proteins was used as the 542 control. After incubation for 30 min at 25 °C, proteins were subjected to non-reducing (without 543 2-mercaptoethanol) or reducing (with 2-mercaptoethanol) SDS-PAGE followed by immunoblot 544 analysis using Anti-His antibody diluted 1:5000 (Sigma, catalog number H1029). 
Chemical Treatments
555
Chemical reagents were added to the medium before transfer of calli, and calli were transferred to 556 new medium with fresh reagents every 6 days. Different concentrations of H 2 O 2 (0.005‰, 0.01‰) 557 or GSH (100 μM, 300 μM and 600 μM) were added to the shoot regeneration system, and 10 μM 558 estradiol was added to induce the transcription of CAT3 to complement the phenotypes of dcc1, ca2, 559 and dcc1ca2.
560
DAB Staining Assay
561
Calli were incubated in DAB staining buffer (50 mM Tris, pH 7.6, 0.6 mg/mL DAB) at room (www.arabidopsis.org) using Tophat2 software (version 2.0.3.12) (Kim et al., 2013) . The gene 584 expression levels were measured in FPKM using Cufflinks software (Trapnell et al., 2014) .
585
Statistical analyses were performed using the edgeR package (http://www.rproject.org/).
586
Differentially expressed genes were those with a fold change ≥ 2 and a false discovery rate ( regeneration. C3 and C6 represent calli cultured on CIM at 3 and 6 days using roots as explants 709 before transfer to SIM. S4, S8, S12 and S16 indicate calli cultured on SIM at 4, 8, 12, 16 days, 710 respectively. Standard errors were calculated from three sets of biological replicates. Significant 711 difference, **p < 0.01 (Student's one-tailed t test). cultured on CIM at 6 days using roots as explants before transfer to SIM. S4, S8, S12, S16, calli 
